In this paper, nucleate pool boiling heat transfer coefficient of ternary mixtures of ethanol, monoethylene glycol (MEG) and diethylene glycol (DEG) as a new coolant with higher heat transfer coefficient has been investigated. Therefore, at varied concentrations of MEG and DEG and also at different heat fluxes, pool boiling heat transfer coefficients, α, have been experimentally measured. The results demonstrated higher heat transfer coefficient in comparison with water/MEG/DEG ternary mixture. In particular, at high heat fluxes, for ethanol/MEG/DEG mixture, higher boiling heat transfer coefficient is reported. Additionally, experimental data were compared to well-known existing correlations. Results of this comparison showed that the most accurate correlation for predicting the heat transfer coefficient of ethanol/MEG/DEG is the modified Stephan-Preußer correlation, which has been obtained in our earlier work.
undoubtedly is the result of vapor bubbles formation on the heated surface. Experimental investigations on pool boiling of mixtures have shown that the physical processes associated with multi-components boiling are significantly different from those for pure liquids. The basic component of the ternary mixture described in the previous work was water, which was replaced with ethanol in this study. In fact, the main reason of this replacement refers to the lower saturation temperature and mass vaporization of ethanol. In brief, presence of ethanol instead of water, reduce the saturation bulk temperature of mixture and nucleate boiling will occur in lower temperature (around 83 °C instead of 100.3 °C). Likewise, it is noticeable that MEG and DEG with variety of their concentrations are widely used in anti-freeze and anti-boil water based fluids. Table 1 gives a summary of well-known correlations related to estimating the pool boiling heat transfer coefficient of various hydrocarbon and none-hydrocarbon ternary mixtures [1] . The correlations have not been experimentally obtained for ternary mixtures, including the MEG/DEG and third part compound, but truly demonstrate treasonable values for pool boiling heat transfer coefficient of other ternary mixtures and can be kept as a reference for comparisons to experimental data. 
Ternary and multi components [31] Calus-Rice 
Binary, similar to Inoue 
Binary [15] Similarly to this work, many researchers have studied the pool boiling heat transfer coefficient of ternary mixtures. Several authors proposed that the heat transfer coefficient in the nucleate boiling of ternary mixtures depends strongly on the difference in concentration of the more volatile component between the vapor and the liquid phases [2] [3] [4] [5] . Other authors have investigated the influence of the liquid composition and the concentration difference between constituents of a solution on the bubble growth ratio and heat transfer mechanism [6] [7] [8] . Alavi Fazel et al. [8] demonstrated that pool boiling heat transfer of pure liquids is strongly considered as a function of varied thermophysical properties. They found a new empirical correlation using dimensional analysis method including thermo physical properties such as mass heat of vaporization, surface tension and densities of liquid and vapor phase for determining the pool boiling heat transfer coefficient of pure liquids. Peyghambarzadeh et al. [7, 9] experimentally studied the nucleate boiling of binary and ternary mixtures on horizontal cylinder and showed that the Schlunder correlation is the most accurate correlation for estimating the pool boiling heat transfer coefficient of water/MEA/DEA. They also discussed the impacts of important existing parameters on these correlations like ideal heat transfer coefficient on predicting of heat transfer coefficient. Sarafraz [11] investigated the pool boiling heat transfer coefficient of citric acid around the smooth horizontal cylinder and proposed a new modified correlation for estimating the heat transfer coefficient using the thermo physical properties.
In this paper, a new ternary compound of ethanol/MEG/DEG is compared to water/MEG/DEG (traditional anti-freeze) and for new mixture, a comparison between pool boiling heat transfer coefficients with well-known correlations is carried out. Additionally, the correlation obtained in previous work is examined for the new mixture. Further, the best composition with higher pool boiling heat transfer coefficient is determined based on the thermal toleration of main heater. In simple words, the results of this research demonstrate the enhancement of pool boiling heat transfer coefficient of anti-freezes and anti-boils in pool boiling circumstance via the new coolant mixture (ethanol based) in comparison with traditional (water based) mixtures.
EXPERIMENTAL SETUP AND PROCEDURE
The complete pool boiling apparatus is shown in Figure 1 . The apparatus consists of a thick-walled cylindrical stainless steel tank containing 38 liters of test liquid and a vertical condenser to condense and recycle the evaporated liquid. The test section is mounted horizontally within the tank and can be observed and photographed through observation glasses at both sides of the tank. The tank and condenser are heavily insulated to reduce heat losses to the ambient air. The temperature in the tank is regulated by an electronic temperature controller and a variable transformer in conjunction with a band heater covering the complete cylindrical outside surface. The pressure in the apparatus is monitored continuously and a pressure relief valve is installed for safety reasons. Boiling occurs at the outside of a cylindrical stainless steel test heater with a diameter of 21 mm, and a heated length of 105 mm. The test heater consists of an internally heated stainless steel sheathed rod and four stainless steel sheathed thermocouples with an outside diameter of 2 mm are embedded along the circumference of the heater close to the heating surface. Regarding to the type of the heater used in this experiment (rod heater is a cylinder-type heater with super homogenized surface and all the generated heat are radially conducted) and accordingly all the places on the heating surface receives the same heat and therefore any places of heating section has a similar temperature. Moreover, thermocouples as seen in Figure 2 are installed at a depth of 150 mm of cylinder and it shows that heat transfer along the length of the heating section is uniform and furthermore temperature will be constant during the experiment runs. Details of the test heater are given in Figure 2. One thermocouple within the heated section was used as a safety trip to cut off the power if the thermocouple temperature exceeded 170 °C. A PCbased data acquisition system was used to measure temperatures, pressure, and heat flux. The power supplied to the test heater could be calculated from the measured current and voltage drop. The average of five readings was used to determine the difference between wall and bulk temperature for each thermocouple. The temperature drop between the location of the wall thermocouples and the heat transfer surface was deducted from the measured temperature difference according to:
In this equation, s is the distance between the thermocouple locations and the heat transfer surface and k is the thermal conductivity of the heater material. The value of s/k was determined for each thermocouple by calibration of the test heater using pure water. The average temperature difference was the arithmetic average of the six thermocouple locations.
The heat transfer coefficient h is calculated from:
Initially, the test section and tank were cleaned and the system connected to a vacuum pump. Once the pressure of the system reached approximately 10 kPa, the test solution was introduced. Following this, the tank heater was switched on and the temperature of the system allowed rising. Once the system was de-aerated, it was left at the desired pressure and the corresponding saturation temperature for about five hours to obtain a homogenous condition throughout. Then, the power was supplied to the test heater and kept at a predetermined value. All experiment runs were carried out with decreasing heat flux. Some runs were repeated later to check the reproducibility of the experiments.
Uncertainty
To measure the uncertainty of experiment, mathematical least square method has been employed. According to heat flux estimating correlation:
Experimental uncertainty is obtained by the following equation:
Values for Δw, Δr and ΔL are 10, 0.03 and 0.2, respectively. Accordingly, the pool boiling heat transfer coefficient uncertainty, according to the Δq″ values, is obtained by Eq. (4) as follows: Figure 2 . Details and geometry dimensions of heating section. 2 2
In this research, ΔT equals to ±0.2 K according to accuracy of each of thermocouple and Δq″ equals to 1.25% according to Eq. (4) and subsequently, uncertainty of estimating of heat transfer coefficient equals to ±2.35%.
Physical properties
To estimate the thermophysical properties of tested mixtures, some well-known correlations from chemical engineering handbooks have been employed based on their uncertainties. In fact, minimum uncertainties of correlations have been considered. Accordingly, the critical constants have been calculated using the Joback method [12] . The expected uncertainty is reported equal to 7 K (∼1%) for Tc; 2 bar (∼5%). Liquid density for mixtures has been calculated by Spencer et al. [13] method with the maximum expected uncertainty of 7%. Liquid thermal conductivities for liquids had been predicted by methods summarized by Bruce et al. [14] . The expected uncertainties are reported less than 10% for pure liquids and up to 8% for liquid mixtures. Heat capacities for liquids have been calculated using the Ruziicka and Domalski [15] method, with the expected uncertainty less than 4%. The heat capacities of liquid mixtures are estimated by mole fraction averages of the pure component values. For other key parameters, such as viscosity and surface tension, experimental apparatus were employed. For viscosity, a digital viscometer manufactured by Brookfield and for surface tension, a tension-meter (EW-59780) manufactured by Cole-Parmer were used. The minimum measurement errors of each apparatus were ±1 and ±2.5% reading, respectively.
RESULTS AND DISCUSSIONS
The experimental data indicated interesting results for nucleate pool boiling heat transfer coefficient of ethanol/MEG/DEG mixtures. In fact, a comparison between the water based mixture (water/MEG/DEG) and ethanol based mixture shows that at the same concentrations of MEG and DEG, higher heat transfer coefficients are reported for ethanol based mixture. Especially, deeply looking at higher heat fluxes indicates that heat transfer coefficient for boiling of ethanol ternary mixture is about 30% higher than water based mixture. In industries, particularly in nuclear reactors and power cycles needing coolants, it is important to transfer huge amounts of heat at high heat fluxes at minimum surface area. Furthermore, a coolant with high and superior heat transfer coefficient is required. As seen, pool boiling heat transfer coefficients for ethanol ternary mixture at higher heat fluxes (even in low and moderate heat fluxes) are dramatically higher. Figures 3 and 4 depict the experimental heat transfer coefficient for different volumetric concentrations of MEG and DEG in ethanol and water, respectively. As clearly seen in Figure 3 , regarding the mixture effect, the pool boiling heat transfer coefficient of mixture decreases with increasing MEG and DEG concentrations. In brief, due to the difference in vapor pressures of mixture substances particularly in the vapor /liquid interface, heavier components remain in the interface zone and lighter components due to the higher vapor pressure leave the interface, thus creating a mass transfer between the interface (rich with heavier components) and vapor phase (the least heavier component phase). Therefore, mass transfer acts as a resistance against the heat transfer. However, this phenomenon is not observed in pool boiling of pure substance, because in pure pool boiling the interface is composed of one component, as well as the vapor phase [17] [18] [19] [20] [21] [22] [23] 25] . On the other hand, regarding the higher heat transfer coefficient of DEG relative to MEG, with increasing DEG concentration, the heat transfer coefficient of mixture significantly increases so that in comparison with similar condition for water/MEG/DEG, increase of heat transfer coefficient is observed. The best possible values of pool boiling heat transfer coefficient have been recorded at 25% volumetric concentration of MEG and DEG. Noticeably, the main heater does not have enough power to boil the mixture with higher concentration of 25% MEG and 25% DEG, because the boiling points of the tested mixtures are proportional to concentrations of MEG and DEG. Therefore, 25% of MEG and 25% of DEG are kept as bounds of concentration. On the other hand, owing to the higher prices of MEG and DEG in comparison with water and ethanol, it is more economical to use 25% of MEG and DEG. Figure 5 shows the comparison between water based and ethanol based mixtures and their pool boiling heat transfer coefficients simultaneously.
A rough comparison between pool boiling heat transfer coefficient of pure water and pure ethanol helps understanding the positive influence of ethanol in enhancing the heat transfer coefficient. This comparison demonstrates that mostly, at any low, moderate and high heat fluxes, pure ethanol has a lower pool boiling heat transfer coefficient compared to pure water. However, in terms of thermophysical properties of ethanol, particularly due to lower and vapor pressure and mass heat of vaporization of ethanol relative to water (853.9 vs. 2260 kJ kg -1 , respectively) [40] , in ethanol/MEG/DEG mixtures ethanol vaporizes faster (compared to pure water in water/MEG/DEG). Therefore, the more significant mass transfer mechanism appears inside the liquid mixture phase between vapor in bubbles and liquid phase, and also at the interface of liquid/vapor phase. Subsequently, the boiling phenomenon will be controlled with heat and more mass transfer mechanism compared to boiling of water/MEG/DEG mixture. Figure 6 shows the comparison of pure water and ethanol at similar conditions for low, moderate and high heat fluxes.
To check the validity of experimentally measured data, some existing correlations have been compared to experimental data. In particular, the correlation results obtained in the previous work were examined. As expected, among the existing correlations, the Sarafraz et al. [11] modified correlation was the most accurate correlation for glycol mixtures. The absolute average deviations of predicted values in comparison to experimental data for Palen [26] , Stephan et al. [41] and Bajorek [27] are given in Table 2 .
For estimating the heat transfer coefficient at ideal conditions, the Stephan-Abdelsalam correlation [42] was employed. Figure 7 shows the results of comparing the experimental data with the predicted values of existing correlations. Table 2 represents the absolute average deviation for existing correlations. A.A.D% is obtained using Eq. (6): 
CONCLUSION
Experimental studies on nucleate pool boiling heat transfer of ethanol/MEG/DEG were performed at different concentrations of MEG and DEG and at various heat fluxes up to 114 kW m -2 . In our previous work, ternary mixture of water/MEG/DEG was investigated however, in this work, comparison between pool boiling heat transfer coefficient of ethanol/DEG/ /MEG and water/MEG/DEG was done. The comparison results indicated that, at the best condition of ethanol/MEG/DEG composition, in which volumetric concentrations of MEG and DEG are equal to 25%, the highest pool boiling heat transfer coefficients were recorded. It was shown that, at any flux, the ethanol based mixture has higher heat transfer coefficient compared to the water based mixture and the maximum enhancement is reported for 25% MEG-25% DEG which is about 30% relative to water based ternary mixture. 
